Fluorinated organic compounds are of growing industrial importance, with applications such as agrochemicals, pharmaceuticals, and performance materials (23, 24, 28, 41) . The safe use of such compounds, as well as appropriate disposal and treatment of wastes, will benefit from knowledge about their biodegradation. However, little information is available about the microbial metabolism of fluorinated organic compounds compared to other halogenated chemicals. Most studies on the bacterial degradation of fluorinated organics describe fluorobenzoic acids, which under aerobic conditions can be converted into the corresponding fluorocatechols (3, 17, 33) . Papers about the degradation of fluorophenols have also appeared (11, 25, 51) .
4-Fluorocinnamic acid (4-FCA) is used in industry for the synthesis of flavors and pharmaceuticals (8) , and polymers of 4-FCA are applied in electronics (14) . It was proposed that under aerobic conditions in nonacclimated industrial activated sludge, 4-FCA could be converted into 4-fluorobenzoic acid (4-FBA) via the formation of 4-fluoroacetophenone (4-FAP) (8, 32) . In another study, using activated sludge from a wastewater treatment plant, 4-FCA was suggested to be transformed into an epoxide that is converted to 4-FAP. This compound would then be converted into 4-FBA, but no products were detected from the breakdown of 4-FBA (5) .
The conversion of nonhalogenated cinnamic acids to benzoic acids, such as the transformation of ferulic acid to vanillic acid, has been described previously (2, 4, 20, 31, 39) . Cinnamic acid, coumaric acid, and ferulic acid are transformed by Streptomyces setonii (47) and Rhodopseudomonas palustris to benzoic acid or the corresponding derivatives (19) . Alcanivorax borkumensis MBIC 4326 (9) and Papillibacter cinnamivorans (7) transformed cinnamic acid into benzoic acid. The metabolism of these compounds thus proceeds with side chain degradation prior to ring cleavage. Side chain degradation is carried out either by ␤-oxidation or by direct deacetylation mechanisms, which leads to elimination of two carbon units from the unsaturated side chain in bacteria, yeasts, and fungi (40) .
Since no clear information on the degradation route of 4-FCA is available, we have isolated two pure bacterial strains to study the complete microbial metabolism of the compound, and in this paper, we propose a degradation pathway.
MATERIALS AND METHODS
Growth conditions. Cells of strains G1 and H1 were grown aerobically at 30°C under rotary shaking or in a fermentor. Growth medium (MMY) contained (per liter) 5. Enrichment and isolation of 4-FCA-and 4-FBA-degrading organisms. Soil samples collected from a site in the Netherlands contaminated mainly with chlorobenzene and halogenated aliphatic compounds were used as the initial inocula for the 4-FCA and 4-FBA enrichment cultures. Flasks contained 40 ml MMY and 5 mM 4-FCA or 5 mM 4-FBA as the sole source of carbon and energy. The cultures were incubated at room temperature on a rotary shaker (150 rpm), and 40% of the suspension was transferred to a new flask containing fresh medium every 15 days. Growth (optical density [OD] at 450 nm) and liberation of fluoride were monitored. Samples of the enrichment cultures were periodically spread onto nutrient broth (NB) plates and MMY agar plates containing 5 mM 4-FCA or 5 mM 4-FBA, and pure cultures were obtained by repetitive streaking on these plates and testing for growth in liquid medium containing 5 mM 4-FCA or 4-FBA. Growth and fluoride release were again monitored to verify 4-FCA and 4-FBA degradation. Pure cultures that were capable of 4-FCA and 4-FBA degradation were selected and designated strains G1 and H1, re-spectively. The organisms were deposited at DSMZ (DSM 23642 for strain H1 and DSM 23643 for strain G1).
Identification of 4-FCA-and 4-FBA-degrading cultures. 16S rRNA genes were amplified from genomic DNA with the universal bacterial primers 27F and 1492R (26) . The final PCR mixture (20 l) contained 50 ng genomic DNA, 1ϫ Pfx50 buffer (Invitrogen), 0.25 M each deoxynucleoside triphosphate (dNTP), 0.1% (wt/vol) bovine serum albumin, and 0.25 M each primer. After initial incubation for 11 min at 94°C, amplification was started by the addition of 0.5 U of Pfx50 DNA polymerase (Invitrogen), followed by 25 cycles of 94°C for 1 min, 55°C for 1 min, and 68°C for 1 min, and a final extension step at 68°C for 10 min. The PCR products were purified (QIAquick PCR purification kit; Qiagen Inc.), cloned into the pZero-2 vector (Invitrogen), and sequenced.
Whole-cell transformation and accumulation of intermediates in batch culture. Cells of strains G1 and H1 were grown on 5 mM (each) 4-FCA and 4-FBA, respectively, and harvested at mid-log phase at an optical density at 450 nm of approximately 0.5. Following centrifugation at 4,000 ϫ g for 10 min, the cells were washed twice with 100 mM potassium phosphate buffer (pH 6.8) and resuspended in the same buffer. The cell suspensions of strains G1 and H1 were separately added to 1-liter flasks containing 250 ml of MMY medium supplemented with 5 or 10 mM 4-FCA or 4-FBA. The cultures were incubated in a rotary shaker at 30°C and 150 rpm. Samples were taken at suitable intervals, centrifuged at 16,000 ϫ g, and analyzed immediately by HPLC, liquid chromatography-mass spectrometry (LC-MS), and ion chromatography.
Analytical methods. Concentrations of 4-FCA, 4-FBA, and their metabolites in culture supernatants were determined by reverse-phase HPLC (Jasco PU-2086 pump and Jasco AS-2051 autosampler), using a Lichrosorb C 18 column (250 by 4.6 mm; 5-m particle size). The mobile phase contained 70% 0.02 mM ammonium acetate, pH 4.5, and 30% methanol. An injection volume of 10 l was used. The flow rate was 0.8 ml min
Ϫ1 with detection at 254 nm with a UV absorbance detector (Jasco UV-2075).
Transformation products of 4-FCA were also analyzed using a Thermo Fisher Scientific LCQ Fleet MS ion trap mass spectrometer with Xcalibur software (version 1.3). Separation was performed on an Alltima HP C 18 (2.1-by 50-mm; 3-m) column. The flow rate was set to 200 l min
Ϫ1
. Elution solvent A consisted of 10:90 acetonitrile/water, and solvent B was pure acetonitrile, both containing 15 mM ammonium hydroxide. Elution solvent C, which consisted of 30:70:1 water/acetonitrile/formic acid, was used to elute nonspecifically bound compounds from the HPLC column to achieve long-term separation stability. The chromatographic conditions were as follows: 100% A to 55% A/45% B in 8 min; 8 to 10 min, isocratic 55% A/45% A; 55% A/45% B to 100% C in 2 min; 100% C for 5 min; and 100% C to 100% A in 2 min. The equilibration time with A was set to 8 min. Separation was performed at room temperature. The injection volume was 10 l.
Positive electrospray ionization-tandem mass spectrometry (ESI-MS/MS) and negative atmospheric pressure chemical ionization (APCI)-MS/MS were performed using a source voltage of 5 kV. The heated capillary temperature was set at 300°C. Nitrogen was used for nebulization (60 liters h Ϫ1 ). A capillary voltage of 30 V was used. A vaporizing temperature of 350°C was used in APCI mode.
Fluoride measurements were performed on a DX 120 ion chromatograph (Dionex, Sunnyvale, CA) connected to an autosampler and equipped with an Alltech A-2 anion column (100 by 4.6 mm; 7 m) and an Alltech guard column (50 by 4 mm). An injection volume of 50 l was used. The column temperature was set to 30°C. The eluent used was a mixture of NaHCO 3 and Na 2 CO 3 in deionized water at a flow rate of 1.2 ml min
. Preparation of cell extracts. Cells of strain G1 or H1 were cultivated in MMY medium supplemented with 5 mM 4-FCA or 4-FBA, respectively. Cells were harvested by centrifugation (6,000 ϫ g and 4°C for 30 min), washed twice with 30 ml of 100 mM potassium phosphate buffer (pH 6.8), and resuspended in 15 ml of the same buffer. The cells were subsequently broken using a Vibra-Cell sonicator (twice for 5 min with a 5-min interval at 50% duty cycle) (Sonics and Materials Inc., Danbury, CT). The lysate was then centrifuged (40,000 ϫ g; 4°C; 60 min) to remove cell debris and unbroken cells. The supernatant was used for enzyme analysis.
Partial purification of proteins involved in the degradation of 4-FCA. Cell extract of strain G1 induced with 4-FCA was loaded onto a Q Sepharose column (50 ml; Pharmacia, Uppsala, Sweden) preequilibrated with 100 mM potassium phosphate buffer (pH 7.5). After the column was washed with 2 column volumes of buffer, elution was carried with a linear gradient from 0 to 100% of 0.5 M (NH 4 ) 2 SO 4 in the same buffer. Active fractions were collected, separately concentrated by using 10-kDa Millipore filters (Amicon), and tested for coenzyme A (CoA)-ligase, hydratase, dehydrogenase, and thiolase activities.
Enzyme assays. All enzyme assays were carried out spectrophotometrically at 25°C. One unit of activity was defined as the amount of enzyme required to convert 1 mol of substrate per min at 25°C. Specific activities were expressed as units per mg of protein. Since ␤-hydroxy and ␤-keto derivatives of 4-FCA were not commercially available, the specific activities of their corresponding enzymes were expressed in arbitrary units (units of absorbance change per min) per ml of reaction mixture.
The assay mixture for CoA ligase activity contained, in a total volume of 1 ml, 200 mM potassium phosphate buffer (pH 7.0), 0.2 mM 4-FCA, 0.5 mM ATP, 0.2 mM coenzyme A, 0.5 mM MgCl 2 , and a suitable amount of partially purified CoA ligase. The extinction coefficient for 4-fluorocinnamoyl-CoA (FC-CoA) was determined by measuring the final absorbance after complete conversion of 25 and 50 M substrate. The ligase activity was determined by monitoring the conversion of 4-FCA to its CoA thioester at 312 nm (extinction coefficient [ε] ϭ 18,800 M Ϫ1 cm
) using a Lambda Bio 10 UV/visible-light spectrophotometer (Perkin Elmer). Activity was also determined by measuring the disappearance of 4-FCA by HPLC.
Conversion of FC-CoA was tested by adding partially purified hydratase, dehydrogenase, and NAD (0.2 mM) to the reaction mixture. This was expected to initiate the conversion of FC-CoA to 4-fluorophenyl-␤-hydroxy propionylCoA and subsequently to 4-fluorophenyl-␤-keto propionyl-CoA. The conversion was followed in a spectrophotometer at 314 nm and 356 nm.
CoA-dependent conversion of 4-fluorophenyl-␤-keto propionyl-CoA to 4-fluorobenzoyl-CoA was tested by adding coenzyme A (0.2 mM) and partially purified thiolase to the reaction mixture. The formation of 4-fluorobenzoic acid was measured by HPLC.
The assay mixture for catechol 1,2-dioxygenase activity contained, in a total volume of 1 ml, 100 mM potassium phosphate buffer (pH 7.0), 0.1 mM 4-fluorocatechol (4-FC), and a suitable amount of cell extract of Ralstonia sp. H1.
Protein concentrations were determined using Coomassie brilliant blue with bovine serum albumin as the standard.
Nucleotide sequence accession numbers. The 16S rRNA sequences of strains G1 and H1 were deposited at GenBank (accession numbers EU342346 and EU342347, respectively).
RESULTS
Bacterial strains growing on 4-FCA and 4-FBA. The bacterial strains G1 and H1, which can grow on 4-FCA and 4-FBA, respectively, were isolated by selective enrichment. Strain G1 was identified as an Arthrobacter sp. and strain H1 as a Ralstonia sp. The 16S rRNA gene sequence of strain G1 shows 99% identity to the rRNA gene sequence of Arthrobacter nitroguajacolicus (GU385852.1) and Arthrobacter boritolerans strain BTM-3c (AB288060.1). Strain H1 16S rRNA had 99% sequence identity to those of Ralstonia campinensis strain WS2 (AF312020.1) and strain LMG 20576 (AY040355.1). Ralstonia metallidurans and Ralstonia basilensis are environmental organisms known for their metal resistance and ability to degrade a wide range of recalcitrant xenobiotics (16, 46) . Ϫ at m/z 139 of 4-FBA). Strain G1 degraded 10 mM 4-FCA in 150 h, during which the optical density at 450 nm increased to 0.8 (Fig. 2a) . As soon as the concentration of 4-FCA started to decrease, 4-FBA was formed and accumulated in the medium. 4-FAP was formed as a side product and accumulated in the medium up to a concentration of 61 M. Between 52 and 124 h, growth was exponential, and a maximal growth rate ( max ) of 0.025 h Ϫ1 was calculated. Release of fluoride was not observed during the growth of strain G1 on 4-FCA.
Degradation of 4-FBA by strain H1 in shake flasks. The growth of strain H1 with 10 mM 4-FBA was apparent from an increase in optical density and a decrease in the 4-FBA concentration. Up to 94% of the added fluorine was released as fluoride, and the optical density increased to 0.57 (Fig. 2b) . From 70 to 160 h, growth was exponential and a max of 0.022 h Ϫ1 was calculated. During degradation of 4-FBA, the color of the medium changed from light pink to dark brown. This suggested that 4-fluorocatechol was produced. The formation of three different metabolites was observed with HPLC, and one of them was indeed identified as 4-FC by comparison with an authentic standard.
Complete mineralization of 4-FCA by a mixed culture.
Strain G1 could degrade 4-FCA only by cleavage of the side chain, releasing 4-FBA as a major product. Degradation of 4-FBA was observed only when strain H1 was present in the culture, together with strain G1. The degradation of 4-FBA seemed to be a slow process, and degradation of 10 mM 4-FCA required 160 h. Release of fluoride occurred as soon as conversion of 4-FBA by strain H1 started and was complete in 255 h, although the rate of fluoride release did not increase over time (Fig. 2c) . From the exponential phase (70 to 230 h), an apparent max of 0.013 h Ϫ1 was calculated. The optical density of the cocultures remained lower than expected, possibly due to inhibitory effects of intermediates or because strain G1 was already in the decay phase before H1 consumed all 4-FBA that was formed.
Initial steps in the degradation of 4-FCA. The conversion of 4-FCA by cell extracts prepared from cultures of strain G1 grown on 4-FCA was determined. In the presence of coenzyme A, ATP, and MgSO 4 , 4-FCA was converted to FC-CoA, as indicated by the increase in absorbance at 312 nm (Fig. 3a) . The rate of CoA adduct formation corresponds to a specific activity of 0.28 U ⅐ mg of protein Ϫ1 . The cell extract also converted cinnamic acid, ferulic acid, and coumaric acid into the corresponding CoA adducts. No activity was detected without the addition of CoA or ATP to the reaction mixture. The formation of FC-CoA was confirmed by LC-MS. Upon ESI- 
MS, the ion that had the highest intensity in positive ionization mode MS spectra was identified as FC-CoA ([M ϩ H]
ϩ at m/z 916.12) (Fig. 4a ). An ESI-MS/MS analysis of this most abundant peak yielded as the most predominant peak a fragment corresponding to 4-fluorocinnamoylpantetheine (m/z 409) (inset in Fig. 4a) (6, 35) . In-source fragmentation sometimes gave another ion at m/z 507 (insets in Fig. 4a and b) , corresponding to phosphoadenosine diphosphate (27) . Further fragmentation of the m/z 507 fragment gave a peak of m/z 428 (35), representing loss of HPO 3 from the phosphoadenosine moiety of the CoA ester. The peak at m/z 428 represents either a product formed by cleavage within the phosphate backbone of phosphoadenosine diphosphate (6) or loss of the phosphate that is attached to the ribose (indicated with an arrow in the inset of Fig. 4a) .
Addition of NAD to a reaction mixture of cell extract preincubated with CoA, ATP, and MgCl 2 resulted in a rapid decrease in absorbance (Fig. 3b) . This indicates transformation of the formed FC-CoA, which is strongly absorbing due to the double bond, into a product with a single bond between the ␣-and ␤-carbons, in agreement with a ␤-substituted intermediate. In view of the ␤-oxidation pathway, this is expected to be a hydratase reaction.
To determine whether cells of strain G1 grown on 4-FCA indeed contain an NAD-stimulated FC-CoA hydratase, an extract of such cells was separated into fractions by Q Sepharose column chromatography (see Fig. S1 in the supplemental material). First, the fractions that contained the highest 4-FCACoA ligase activities were used to transform 4-FCA into FCCoA. Other fractions were then tested for hydratase and dehydrogenase activities by measuring the decrease in absorbance when samples and NAD were added to the reaction mixture. Various column fractions containing hydratase and dehydrogenase activities were found. When these fractions and NAD were added to the reaction mixture containing FC-CoA, two products were observed in electrospray ionization LC-MS (total ion current [TIC]) at 10.8-min and 11.5-min retention times (chromatogram not shown). The ESI-TIC peak at 10.8 min was analyzed further, revealing that the ion with the highest intensity in positive-ionization mode MS spectra was 4-fluorophenyl-␤-hydroxy propionyl-CoA ([M ϩ H] ϩ at m/z 934.02) (Fig. 4b) . The fragmentation of this peak by MS/MS resulted in the formation of 4-fluorophenyl-␤-hydroxy pantetheine (m/z 427) (inset in Fig. 4b ). The product corresponding to the ESI-TIC peak at 11.5 min was identified as 4-fluorophenyl-␤-keto propionyl-CoA by LC-MS (positive ionization, [M ϩ H] ϩ at m/z 932.04) (Fig. 4c ). An ESI-MS/MS analysis of the most abundant peak (m/z 932.04) resulted in the detection of a 4-fluorophenyl-␤-keto pantetheine fragment (m/z 425) (inset in Fig. 4c ). These results indeed indicate the presence of a hydratase and a dehydrogenase.
4-Fluorobenzoic acid and acetyl-CoA were released from 4-fluorophenyl-␤-keto propionyl-CoA in these reaction mixtures when additional CoA fractions that eluted from the Q-Sepharose column were added to the reaction mixture. 4-FBA was detected with HPLC, and acetyl-CoA was detected by LC-MS at m/z 810.08 (positive-mode ionization) (Fig. 4d) . The ESI-MS/MS fragmentation of this highest peak gave a peak of m/z 303, characteristic of a pantetheine (inset in Fig. 4d ). This suggests a hydrolase.
Degradation pathway of 4-FBA. In order to study the pathway of 4-FBA by Ralstonia sp. strain H1, cells pregrown in 5-FBA were collected, washed, and resuspended in MMY medium to an OD 450 of 1.5. Transformation products that were formed after addition of 5 mM 4-FBA and 5 mM glucose were analyzed by HPLC, LC-MS, and nuclear magnetic resonance (NMR). The formation of two products was observed, and they The dioxygenase-mediated conversion of catechols was tested spectrophotometrically with cell extract prepared from cells grown on 4-FBA. Transformation of C, 4-FC, 4-CC, 3-fluorocatechol (3-FC), and 4-nitrocatechol (4-NC) was observed with rates decreasing in that order (data not shown). Spectral changes during 4-FC transformation were consistent with ring cleavage yielding 3-fluoromuconate, followed by cycloisomerization to form muconolactone (see Fig. S3 in the supplemental material), suggesting that the pathway of 4-FBA degradation in strain H1 is similar to that in other bacteria that metabolize this compound via 4-fluorocatechol (43, 44, 45) .
DISCUSSION
In this paper, we describe two bacterial strains that as a consortium can utilize 4-FCA for growth, and we propose a degradation pathway that is similar to that of ferulic acid and some other cinnamic acid derivatives for the initial steps (22) . Previously, 4-FCA conversion was proposed to proceed via 4-FAP to 4-FBA (5, 8, 32) , but our experiments indicate that this is not the major route in Arthrobacter sp. strain G1. Formation of 4-FPA is more likely due to a side reaction, i.e., spontaneous decarboxylation of intermediates that occur in the functional route of the side chain cleavage pathway. Similarly, accumulation of acetophenone as a side product may occur during the degradation of cinnamic acid by a Pseudomonas sp. (20) . Degradation of 4-FCA in strain G1 starts with formation of a CoA adduct, catalyzed by a 4-fluorocinnamoyl-CoA ligase activity (Fig. 5, route 1) . The activation of 4-FCA is similar to the initial degradation step in several organisms that use substituted cinnamic acids (1, 13, 29, 31, 34, 37) but different from the pathway in microorganisms that are capable of direct CoAindependent deacetylation with formation of a benzaldehyde derivative (15, 30, 36, 48) . In general, bacterial strains that metabolize cinnamic acid, ferulic acid, or coumaric acid with initial formation of a CoA adduct proceed with direct hydration, followed either by deacetylation in a lyase (aldolase) type of reaction (1, 29, 34, 37) or by oxidation to the ␤-keto derivative followed by conversion to the carboxylic acid by a thioesterase (12, 13, 22, 49) . Unlike what was proposed for the transformation of cinnamic acid, coumaric acid, and ferulic acid (1, 29, 36, 37) , we found no evidence for the conversion of the ␤-hydroxy propionyl-CoA derivative to an aldehyde. Instead, we detected formation of 4-fluorophenyl-␤-hydroxy propionyl-CoA and the corresponding ␤-keto CoA adduct when NAD was added to the ATP-and CoA-containing cinnamoylCoA ligase reaction mixture. The route via 4-fluorobenzaldehyde (Fig. 5, route 2) is also unlikely because 4-FBA was not formed from 4-fluorobenzaldehyde in a separate reaction mixture that contained NAD and cell extract. Transformation of the CoA adduct of 4-FCA to 4-fluorophenyl-␤-hydroxy propionyl-CoA required addition of NAD, even though it is not a redox reaction. This could be due to the role of a multifunctional ␤-oxidation enzyme complex that catalyzes both the second and third reactions of the ␤-oxidation cycle, i.e., 2-enoyl-CoA hydration and 3-hydroxyacyl-CoA dehydrogenation, as has been found in other microorganisms (21, 38, 42, 50) . Mineralization of 4-FBA and fluoride release were possible only when strain H1 was present in coculture with strain G1, since Arthrobacter G1 is not able to use 4-FBA as a growth substrate. Microbial cleavage of the aromatic ring of 4-FBA can occur before or after defluorination (3, 10, 17, 33, 43, 45) . In the first case, the initial step in 4-FBA degradation is the substitution of fluorine to yield 4-hydroxybenzoic acid, which occurs in Aureobacterium sp. strain RHO25 (33) . In the 4-FBA-degrading strain H1, transient accumulation of 4-fluorocatechol in the culture medium indicated that fluoride release occurs only after ring cleavage and starts with formation of 4-fluorocatechol. This is followed by ortho ring cleavage with formation of dienelactone or 4-fluoromuconolactone and then spontaneous elimination of a proton and fluoride (10, 18, 43, 44, 45) (Fig. 5) .
